Introduction

!
Diabetes mellitus (DM) is a major individual and socioeconomic health burden due to damaging of the microvasculature of several organs, preferentially the kidney and eye. Reduced tissue perfusion paves the way to organ failure. Renal damage is suspected as soon as microalbuminuria (MA) occurs. MA is often regarded as a valuable predictor of ensuing diabetic nephropathy. Nevertheless, the relevance of MA for the development of end stage renal disease (ESRD) was questioned [1 -3] . A low rate of microalbinuric patients were found to convert to progressive diabetic nephropathy (DN) [4, 5] and parameters closer to the pathophysiologic processes leading to ESRD are needed [6, 7] . In diabetes mellitus type 1 (DM1), about one-third of patients [5] develop MA. Latency from clinical onset of diabetes to first signs of diabetic nephropathy in DM1 was 10 years on average [5] . Thus, reliance on MA to expect renal DN to develop or to remain absent is not useful. Therefore, we investigated a novel approach to describe changes of the renal micro- Motivation: With respect to the devastating consequences of the increasing prevalence of diabetes mellitus, the main reason for end stage renal disease and dialysis in industrialized countries, and the very limited diagnostic and therapeutic possibilities to predict, monitor and prevent diabetic nephropathy (DN), new concepts for early recognition and quantification of the prevailing microvascular changes in DN are urgently needed. Materials and Methods: We present the first study of renal cortical tissue perfusion measurement by means of standardized color Doppler sonographic videos evaluated with the PixelFlux software 1 for Dynamic Tissue Perfusion Measurement (DTPM) in 92 patients with DM1 without MA compared to 71 healthy probands. Results: DTPM reveals a highly significant diminution of cortical perfusion in patients with DM1 compared to healthy probands by 31 %, most pronounced in the distal hemicortex (reduction by 50 %) compared to 21 % within the proximal hemicortex. Conclusion: Thus, DTPM offers a novel means of numerically describing the state of the renal microvasculature in DM in a patient-friendly, noninvasive, non-ionizing manner. Table 3 ) without anamnestic, actual or familial signs of renal disease or DM and normal renal ultrasound findings (size, echogenicity, parenchymal thickness, cortico-medullary differentiation). The patients were recruited from our pediatric diabetes outpatient department and were enrolled after informed consent of both parents and patients. Healthy children were identified in a sonographic outpatient department or from inpatients of our hospital. Both groups stemmed from the same local population and pediatric age group with comparable height, weight, BSA and BMI. No stratification as to age subgroups or gender was made. Paraclinical data (HbA1c) were drawn from routine surveillance protocols of diabetic patients.
Zusammenfassung
Methods
Color Doppler ultrasound
All ultrasound examinations were always done with the patient in a prone position by the same investigator (TS) with more than 25 years ultrasound experience. A Siemens ACUSON S2000 ultrasound machine equipped with a curved array transducer offering a frequency range from 4 to 1 MHz in B-mode and 3.5 MHz in color Doppler mode was used.
Dynamic tissue perfusion measurement (DTPM)
Standardized recording The color Doppler ultrasound examination was performed with a fixed algorithm and predefined machine settings (fixed preset) in all patients and healthy probands. Standardized recordings of color Doppler sonographic videos in DICOM format were transferred to a personal computer where DTPM was carried out with the PixelFlux software (Chameleon-Software, Germany) [12] . The central part of the kidney in a longitudinal section was enlarged so that the central segment and parts of its neighboring segments were to be seen clearly and as large as possible. The central interlobar artery was running straight towards the transducer with its arcuate arteries branching symmetrically to both sides ( • " Fig. 1 ). The outer surface of the kidney could be discriminated from the surrounding fat (high echogenicity) by a discrete demarcation border. With a fixed color Doppler sonographic preset (transducer 4C1; color frequency 3.5 MHz, harmonic B-mode frequency 4.5 MHz, maximum color coded Each video contained at least one full heart cycle. If necessary, the color frequency and maximum flow velocity were adjusted to the patient's size. The PixelFlux software takes these changes into account and calculates flow velocities within the ROI according to the adjusted flow velocities.
Perfusion measurement
All videos were automatically calibrated for distances and color hues by PXFX. The region of interest (ROI) was defined as a parallelogram encompassing one full cortical segment from the outer borders of the medullary pyramids (MP) to the renal capsule and laterally from the center of one MP to the center of the neighboring MP ( • " Fig. 1 ). This means that the ROI had a different size in different patients. Its size corresponded to the individual anatomic landmarks, renal surface and medullary pyramids, which were spaced less in younger than in older (larger) children. In this way it was assured that the proximal 50 % of the renal cortex was always compared to the individual's distal Electronic reprint for personal use Fig. 2 ). The ROI was horizontally sliced in equal-sized sub-ROIs each encompassing the proximal or distal 50 % (P50 and D50) and horizontal slices with a thickness of 10 % of the cortex. Perfusion measurement was then carried out automatically by PXFX. Perfusion intensity (PI) is calculated as:
▶ v: mean velocity value of all pixels of the ROI at a certain time ▶ A: means are occupied by all pixels of the ROI at a certain time ▶ A ROI : area of the ROI All measurements of v and A were done image by image for the entire video. PXFX then recognized complete heart cycles within the video and calculated the mean values for v and A for complete heart cycles only. PI thus combines all relevant data that determine blood flow intensity per heart cycle.
Statistics
For comparisons between groups of patients, the Mann-Whitney-U-test was applied. Correlations were evaluated by the Spearman rank correlation or Pearson's correlation if suitable. The Kolmogorov-Smirnov test was applied to test for normal distribution. Probabilities less than 5 % were regarded as statistically significant.
Results
!
Duration of diabetes mellitus and HBA1 level
HbA1c values and duration of DM1 in diabetic patients were normally distributed (data shown in • " Table 2 ).
Cortical tissue perfusion intensity
We found a highly significant reduction of flow intensity in DM1 patients compared to the healthy group. The difference was more Electronic reprint for personal use Table 4 ). Perfusion gradients from the proximal to distal cortex were significantly different in DM1 patients compared to healthy children ( • " Table 5 ). These results are not confounded by age, weight, height, BMI or BSA ( • " Table 6 ).
Discussion
! DN is the main cause of the increased morbidity and mortality in insulin-dependent diabetics [13] and an important risk of death especially in younger adult patients [14] . In a large follow-up study of DM1 patients, 45 % developed cumulatively DN after 40 years of DM [15] . Genetic factors determining DM progression towards DN are not yet defined or might be subject to epigenetic influences [16] . Thus, today the occurrence of MA is still the only clinically relevant criterion to support the suspicion of a developing DN. Research is focusing on details of the developing loss of urinary protein. Direct measures of vascular changes are not feasible in most cases, since they would require invasive techniques such as biopsies. Urinary proteome analysis in DN was helpful to classify the stage of DN, may be indicative of beneficial effects of an antihypertensive treatment in these patients [17] and even may allow differential diagnosis [18] . Nevertheless, proteomics are a trace of the morphological changes (accumulation of extracellular matrix and mesangial proliferation in the glomerulus) already present [19] . It would be worthwhile to detect the antecedents of manifest histological changes and to focus on the structure that is abundant in kidneys and crucial to their function and non-functioning -the renal microvasculature. Color Doppler seems especially suitable to fulfill this task.
• " Fig. 2 emblematically illustrates subcapsular microvessel damage in a kidney from a child with DM1 (upper line) compared to a normal kidney from a healthy child. In DM1 the hypovascularized subcapsular rim can be clearly seen (double arrows), especially in diastole. This slowly developing damage cannot be evaluated with other ultrasound techniques preceding DTPM. DTPM now quantifies the distal (and invisible for the naked eye) also the proximal cortical hypoperfusion in DM1. Renal Doppler investigations traditionally refer to the Resistance Index (RI) [20, 21] . Its manifold limitations stem from its restricted database: the maximum systolic and the end-diastolic flow velocity of a few (mostly 1 to 3) intrarenal arteries are measured to calculate the RI = v sys -v dia / v sys . The main disadvantage is that the RI does not take into account the loss of microvessels. Since the measurements are guided by the search for a color signal to direct the Doppler instrument, only existing vessels are evaluated. In vanishing vasculature there is no possibility to reflect the paucity of vessels by the RI [22] . Moreover, the perfused area is not reflected by the RI. Therefore, the RI is a marker of changing punctual velocities in a few intrarenal vessels. The volume of blood running through a tissue is only determined by the mean flow velocities in all vessels of an ROI and by their mean perfused area. No traditional Doppler technique takes both parameters into account. Here lies the advantage of DTPM which has been proven to be superior to RI to describe histological changes in renal transplants [23] . DTPM also reflects renal cortical fibrosis and can describe tissue oxygenation [24] . RI is subject to many extrarenal influences which further limit its value [25 -28] . Color Doppler sonographic dynamic tissue perfusion measurement (DTPM) is capable of measuring tissue-specific perfusion intensities thus substantially expanding the reach of conventional Doppler techniques. For the first time a simple, bedside technique allows quantitative evaluation of renal microvessels in a structured manner, from the proximal to peripheral cortex, thus Electronic reprint for personal use 1 Negative values describe a reduction in the perfusion intensities from the proximal to peripheral cortex; 2 SD: standard deviation connecting perfusion data to different branching levels of the vascular tree and histological changes in kidneys [8 -11, 29] . Compared to traditional RI measurements that detect significant differences only between normalbuminuric and macroalbuminuric patients with DM2 [30] , we could already detect microvascular damage in children before MA appeared. The limits of this study are its single-center design, its restriction to young patients exclusively with DM1 and the difficulty to compare our results with those from other groups directly. In order to compare DTPM results directly among different centers, the same ultrasound machines and the same machine presets have to be used. The machine we used is widely but not universally used. Two solutions to this drawback are possible: 1. to calibrate the machine settings with a flow phantom: we developed a flow phantom and could demonstrate a highly significant correlation of PXFX measurements with a direct flow volume measurement [31] and with laser Doppler measurements (data not shown);
2. to use a ratio of distal to proximal perfusion ( • " Table 5) . The perfusion ratio then is comparable between different ultrasound machines since both proximal and distal cortical perfusion is recorded under identical conditions. The loss of the tiniest microvessels, which prevail in the subcapsular rim, is reflected by the perfusion ratio of proximal and distal cortical perfusion. This ratio is independent of the ultrasound system since in an individual patient both regions are recorded under identical conditions. The comparison of healthy and diabetic children demonstrated that the perfusion gradients, i. e. the dominant loss of microvessels, were significantly higher in diabetic children ( • " Table 5 ). The perfusion drop from the proximal to distal 50 % of the cortex (d50 / p50 gradient) was 72 % in DM1 patients compared to 56 % in healthy children. Equally significant was the decline from the second (P2) to the ninth (P9) 10 %-layer (90 % vs. 74 %) ( • " Table 5) . We recommend the technically more robust d50 / p50 gradient for further studies since the very thin 10 % layers will be more affected by slight malposition of the ROI. We examined children and adolescents with DM1 and no detectable renal changes in B-mode ultrasound imaging and urine analysis. None of the patients was microalbuminuric. Nevertheless, DTPM was able to find a striking diminution of perfusion intensity in these apparently normal kidneys. It was demonstrated before that the distal cortical layers are less perfused that the proximal ones. These encompass the arcuate vessels and the stem vessels of the interlobular ones. With their ascent to the cortical periphery they lose perfusion [8] due to vessels that branch off to feed midcortical glomeruli. They taper until they have distributed all the blood that has entered their stem at the base of the ROI. Incipient microvessel diameter reduction must affect the top of the vascular tree first -as shown in renal transplants [9, 10] and chronic renal insufficiency [32] . If the documented perfusion loss is already a sign of morphological changes within the interlobular arteries themselves, or caused by vessel constriction, or if the flow reduction is simply reflecting the decreasing acceptance of blood volume by shrinking glomerular passthrough, is an open question. With respect to the patients' young age and short duration of DM1, it seems likely that we observe here a functional adaptation. Animal models might clarify the morphological or functional correlate of this surprisingly significant perfusion loss. Rarely, sequential biopsies in DM1-patients are carried out. After all, in DM1 patients with a disease duration of 17 +/-7 years morphological changes were found at first biopsy and were more developed after 5 years (mesangial fractional volume increased, arteriolar hyalinosis lesions progressed) [33] .
These morphological changes are reversible in DM1 after 10 years of normoglycemia following pancreas transplantation and returned to normal values in some of the patients [34] . In light of these findings, very early detection of vascular glomerular and interstitial damage, thickening and hyalinization of intrarenal vasculature [35] is urgently needed since microvascular destruction is central to the progression of DN [36] . Our observations might offer a novel perspective on the initiation and progression of these microvascular changes in DN. 
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